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SUMMARY

S1iding friction and wear experiments, electron microscopy, and dif-
fraction studies were conducted to examine the metallurgical microstructure
of a metallic glass surface strained in sliding friction and wear. Friction
and wear experiments were conducted with 6.4- and 3.2-millimeter-diameter
aluminum oxide spheres sliding, in reciprocating motion, on a metallic glass
with a composition of Feg7Co1gB14Si] at a sliding velocity of 1.5 milli-
meters per second, with a load of 2.5 newtons, at room temperature, and in a
laboratory air atmosphere.

The results of the investigation indicate that the amorphous alloy
(metallic glass) can be crystallized during the sliding process. Crystal-
lites with a size range of 10 to 150 nanometers are produced on the wear
surface of the amorphous alloy. Crystallization of the wear surface of the
amorphous alloy causes an increase in friction. Plastic flow occurred on
the amorphous alloy with sliding, and the flow film of the alloy transferred
to the aluminum oxide surface. Two distinct types of wear debris were ob-
served as a result of sliding: an alloy wear debris, and powdery and whis-
kery wear debris particles. Generating oxide wear debris particles on the
amorphous alloy causes transitions in friction behavior. Oxide wear debris
particles can contribute to increased friction of the alloy when in the
amorphous state. In contrast, however, they can contribute to a decrease in
the friction of the wear surface of the alloy when in the crystalline state.

INTRODUCTION

Metallic glasses are currently finding increased application in the
aerospace industry (ref. 1). They are used for joining internal assemblies
in gas turbines. Nickel-based brazed foils of the BNi class are replacing
the more expensive gold-based BAu-4 foils in engine valves and many other
components. However, like BAu-4, the nickel-based filler metals have
excellent flow behavior, are compatible with most stainless steels and nick-
el alloys, and offer an outstanding combination of high-temperature
?trengig, fatigue properties, and oxidation and corrosion resistance

ref. .

A combination of favorable mechanical and physical properties makes
metallic glasses candidates for other technological applications. For exam-
ple, the combination of high permeability and high hardness makes these ma-
terials suitable for use in highly developed magnetic recording devices
(e.g., video tape recorders). In most high-density devices, a magnetic head
in s1liding contact with a magnetic tape is used for recording and playback.
Therefore, the magnetic head and tape must have good wear resistance. Me-
tallic glasses can also be used in foil bearings. The highly disordered
structures of metallic glass would be resistant to radiation damage, and,
thus, have potential for use where constant mechanical properties are re-
quired under irradiation. The mechanical and physical properties of metal-
lic glasses are, therefore, of basic scientific interest.

Metallic glasses have several properties that make them attractive for
tribological applications. These properties include great adhesion, shear
strength, impact penetration, corrosion resistance, stiffness, and ductil-
ity. Relatively little research, however, has been done on the tribological
properties of the metallic glasses (refs. 2 to 4).
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(ref. g?. Unfortunately, the experimental conditions, such as temperature,
environment, sliding speed, and ball diameter are not described in the refer-
ence. Temperature significantly influences the friction properties as well as
the elemental composition on the surface and the microstructure of metallic
glasses (refs. 3 and 4). The corresponding alloys generally exhibit higher
coefficients of friction in the crystalline state than they do in the glassy
(amorphous) state.

Metallic glasses consist largely of random aggregates of atoms, their
densities being only slightly different from the densities of crystals having
the same compositions (ref. 5). Also, although metallic glasses are elas-
tically stiffer than silicate glasses, they are not brittle and have consider-
able ability to deform plastically. In the sliding, rolling, or rubbing con-
tact of materials, the surfaces become strained as a result of the mechanical
activity that takes place.

On a crystalline surface, however, the crystallinity and crystallographic
orientation can be changed markedly by the strain. The higher the degree of
strain, the lower the temperature for recrystallization. Consequently, a
highly strained crystalline surface tends to promote recrystallization of the
solid surface long before the surface may otherwise be ready for such
recrystallization.

The tribological surface can also contain grains which are highly ori-
ented as a result of the sliding, rolling, or rubbing process. In other
words, the grains tend to become reoriented at the surface so as to reflect
the effects of the mechanical parameters imposed on the surface. Such reori-
entation and recrystallization of crystalline solids in the sliding, rolling,
or rubbing process are well known (refs. 6 to 8). However, we do not know
what actually happens on the tribological surface of metallic glasses during
s1iding friction and wear. Does, for example, the amorphous state of the me-
tallic glass surface crystallize and become crystallographically oriented in
the tribological process?

This investigation examines the metallurgical microstructure of a metal-
lic glass surface strained in friction and wear experiments. These experi-
ments were conducted with 6.4- and 3.2-millimeter-diameter aluminum oxide
spheres sliding, in reciprocating motion, on the Feg7C018B1451] metallic glass
at a sliding velocity of 1.5 millimeters per second, with a load of 2.5
newtons (250 g), at room temperature, and in a laboratory air atmosphere.

MATERIALS

The composition of the metallic glass investigated herein and some of its
properties are listed in table I. The alloy was in the form of a ribbon
(0.030- to 0.033-mm-thick foil) and was used in the as-cast condition. The
spherical riders that were made to slide on the foil were single-crystal alum-
inum oxide (sapphire), and the diameters of the spheres were 3.2 and 6.4 mil-
limeters (1/8 and 1/4 in.). The microhardness (Vickers) of the metallic glass
was 980 at an indentation load of 1 newton.
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Figure 1, - Friction and wear apparatus.

specimen

TABLE I. - PROPERTIES OF A METALLIC GLASS

Alloy compositiond

Vickers microhardness
Crystallization temperature?,
Densityd, g/cm3

Ultimate tensile strengthd, GPa
Bend ductilityd,b

Thickness, um

°C

Fep7C018B14511
980

430

7.56

1.5

1

30 to 33

@Manufacturer's analysis.

be = t/(d-t): t, ribbon thickness; d, micrometer spacing at bend fracture.




APPARATUS

The apparatus used in this investigation (fig. 1) was basically a pin
(rider) on a flat configuration. The specimen was mounted on hardened steel
flats and retained in a vise mounted on a screw-driven platform. The platform
was driven reciprocally back and forth by a mechanical drive system containing
a gear box, a set of bevel gears, and a lead screw driven by an electric
motor. The rider traversed a distance of 10 millimeters on the surface of the
foil. Microswitches at each end of the traverse reversed the direction of
travel so that the rider retraced the original track from the opposite direc-
tion; this process was repeated continuously. The rider was deadweight loaded
against the foil. The arm retaining the rider contained the strain gages to
measure the tangential force. The entire apparatus was housed in a plastic
box.

EXPERIMENTAL PROCEDURE

The metallic glass foil and the rider specimen surfaces were scrubbed
with levigated alumina, rinsed with tap water and then distilled water, and
finally rinsed with ethyl alcohol. After the surfaces were dried with nitro-
gen gas, the specimens were placed in the experimental apparatus. The speci-
men surfaces were then brought into contact and loaded, and the friction and
wear experiments began. Three sets of experiments were conducted, and each
one was continued for 3 or 150 hours.

To determine the causes of transitions in friction behavior of metallic
glass, two sets of experiments were conducted. In the first set, the friction
and wear experiments were run for 3 hours and then the rider specimen was re-
placed with a new rider specimen and the foil surface was cleaned with ethyl
alcohol. The experiments were then continued for an additional 3 hours. The
rider specimen was again replaced with a new rider and the foil surface was
again cleaned with ethyl alcohol. The experiments were run for a final period
of 3 hours,

In the second set, the friction and wear measurements were continued for
150 hours, and then the rider specimen was replaced with a new rider and the
foil surface was cleaned with ethyl alcohol. The experiments were then con-
tinued in the same manner as the first set. In both sets of experiments, the
new riders traveled and retraced the original track.

RESULTS AND DISCUSSION

Friction and Wear Behavior

Friction and wear experiments were conducted with Feg7Co B14Siq amorphous
alloy and 304 stainless steel in contact with 6.4- and B.S—mi}?imeter—diameter
aluminum oxide spherical riders. When the amorphous alloy and the 304
stainless steel were rubbed by the 6.4-millimeter aluminum oxide rider at a
load of 2.5 newtons for 30 minutes, there was very little difference in
friction behavior between the two alloys. The coefficients of friction for
the amorphous alloy and 304 stainless steel were 0.2 and 0.18, respectively.
The wear results were markedly different when examined by optical and scanning
electron microscopies. Essentially no detectable wear existed on the surface
of the amorphous alloy. However, considerable wear was indicated on the 304
stainless steel, as shown in the scanning electron micrograph of figure 2.
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Figure 2. - Photomicrograph of 304 stainless steel wear surface, Rider,
6. 4-millimeter -diameter aluminum oxide sphere; load, 2.5 newtons;
sliding velocity, 1.5 millimeters per second; dry sliding in laboratory
air atmosphere,
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Figure 3. - Coefficient of friction as function of sliding time for
Feg7C018B14Siy amorphous alloy in laboratory air atmosphere,
Rider, 13 2-mitlimeter-diameter aluminum oxide sphere; load,
2.5 newtons; sliding velocity, 1,5 millimeters per second; room
temperature.

Considerable plastic flow occurred, and a copious amount of oxide debris was
generated on the 304 stainless steel. Lumps of metal appeared in the wear
track.

Since no visible wear was observed on the amorphous alloy, sliding fric-
tion experiments were conducted with a smaller sphere (0.32-mm-diam aluminum
oxide rider) at a sliding time extended to 150 hours to provide a high contact
pressure and a more severe experiment,

Although friction was initially low, it increased with increasing sliding
time as indicated in figure 3. After some time, an equilibrium condition was
reached, and the friction did not change with sliding time. The coefficients
of friction shown in figure 3 are generally the same as those obtained at the
lower loads of 0.2 to 1.0 newton. The results obtained from experiments
conducted with 0.64-millimeter-diameter aluminum oxide rider at loads of 0.1
to 2.5 newtons are also consistent with those shown in figure 3.



Scanning electron micrographs of a typical wear track on the amorphous
alloy and a wear scar on the aluminum oxide surface are shown in figure 4.

The experiment was conducted at a load of 2.5 newtons with a 0.32-millimeter-
diameter aluminum oxide rider for a total sliding time of 5 hours. Oxide wear
debris particles were generated on the amorphous alloy surface. The aluminum
oxide rider surface contacted by the amorphous alloy had alloy as well as ox-
ide wear debris particles transferred to it. However, an examination of the
wear tracks indicated an undetectable difference in the surface profiles meas-
ured before and after the experiment. Therefore, it was concluded that the
amount of wear was negligible.

Figure 5 illustrates a detailed examination of the oxide wear debris
(submicrometer to micrometers in size) produced on the amorphous alloy by
sliding the 3.2-millimeter-diameter aluminum oxide rider on the alloy for 5
hours. The scanning electron micrographs clearly reveal powdery and whiskery
oxide wear debris particles on and near the wear track.

Figures 6 and 7 present scanning electron micrographs of typical wear
tracks and scars in which oxide wear debris particles were removed from the
surface. The wear tracks and scars were produced during a 5-hour sliding
period. After the sliding friction experiment, the amorphous alloy specimen
and aluminum oxide rider were cleaned with ethyl alcohol and dried. Figures 6
and 7 illustrate that plastic flow occurs on the amorphous alloy with repeated
s1liding and that the flow film of the alloy adheres and transfers to the alum-
inum oxide rider.

During a 150-hour sliding period, considerable plastic flow occurred and
considerable oxide debris was generated on the amorphous alloy. Figure 8(a)
reveals evidence of wear damage and large particles of wear debris, which were
generated at local spots. Shear fracture occurs at very local areas in the
amorphous alloy during repeated sliding. Figure 8(b) presents wear debris of
the amorphous alloy.

The surface profile of the wear track on the amorphous alloy presented in
figure 9 reveals a considerable amount of wear. The wear volume was 0.01 cub-
ic millimeter or less. The wear rate, which is defined as the quantity of
amorphous a&]oy removed under a unit load and with a unit distance of sliding,
was 5 x 1077 cubic millimeter per newton-millimeter or less.

F1gures 10 and 11 present scanning electron micrographs of a wear scar on
the aluminum oxide rider for a sliding period of 150 hours. Figure 10 indi-
cates that the amorphous alloy transfer to the rider is much more than that
obtained when the sliding period is only 5 hours (fig. 4(b)). Figure 10 also
reveals that the sliding produced a multilayer film structure of the amorphous
alloy transfer. This film structure is produced by the piling up of the amor-
phous alloy wear debris.

Figure 11 reveals oxide as well as amorphous alloy wear debris (submicro-
meters to micrometers in size) transferred to the aluminum oxide rider. The
scanning micrographs in figure 11 clearly reveal powdery and whiskery wear
debris particles.

Metallurgical Structure

The microstructure was examined by transmission electron microscopy and
diffraction in a microscope operating at 100 kilovolts to establish the exact
crystalline state of the amorphous alloy foils. Final thinning of the foils
was accomplished by electropolishing.

A typical example of the structure of the as-received amorphous alloy is
shown in figure 12, in which no dislocations or grain boundaries are evident.
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(b} Wear scar on aluminum oxide rider.

Figure 4, - Scanning electron micrographs of wear track on Feg7Co 8814Si1
amorphous alloy and wear scar on aluminum oxide rider. Rider, ]3 2-
miltimeter -diameter aluminum oxide sphere; load, 2.5 newtons; sliding
velocity, 1.5 miilimeters per second; sliding time, 5 hours; sliding
distance, 27 meters; room temperature; laboratory air atmosphere,
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(a) Powdery wear debris particles.

(b) Whiskery wear debris particles.

Figure 5. - Scanning electron micrographs of powdery and whiskery wear
debris particles produced on Feg7C018B14Si; amorphous afloy. Rider,
3. 2-millimeter -diameter aluminum oxide sphere; load, 2.5 newtons;
sliding velocity, 1.5 miflimeters per second; sliding time, 5 hours;
sliding distance, 27 meters; room temperature; laboratory air at-
mosphere,
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(a) Low magnification.

{b) High magnification,

Figure 6. - Scanning electron micrographs of wear track on Feg7C0;gB) 4Siy
amorphous altoy. Rider, 3, 2-millimeter -diameter aluminum oxide
sphere; load, 2.5 newtons; sliding velocity, 1.5 millimeters per second;
sliding time, 5 hours; sliding distance, 2 7 meters; room temperature;
laboratory air atmosphere,
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{a) Uniform transfer.

(b} Nenuniform transfer,

Figure 7. - Scanning electron micrographs of near scar on aluminum oxide
rider sliding on Feg;CoygB;4Si; amorphous alloy surface. Rider, 3,2-
millimeter-diameter aluminum oxide sphere; load, 2.5 newtons; sliding
velocity, 1.5 millimeters per second; sliding time, 5 hours; sliding
distance, 2.7 meters; room temperature; laboratory air atmosphere.



(a) Wear damage,

(b) Back-transferred wear debris.

Figure 8. - Scanning electron micrographs of wear track on Feﬁ]ColsBMSil
amorphous alloy at sliding period of 150 hours, Rider, 3, 2-mi|limeter-
diameter aluminum oxide sphere; load, 2. 5 newtons; sliding velocity,

1.5 millimeters per second; sliding time, 150 hours; sliding distance,
810 meters; room temperature; laboratory air atmosphere,
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Figure 9. - Surface profile across wear track generated by
aluminum oxide rider sliding on Feg7Co,gB;4Si; amor-
phous ailoy in laboratory air atmosphere. Rider 3. 2-
millimeter-diameter aluminum oxide sphere; load, 2.5
newtons; sliding velocity, 1.5 millimeters per second;
sliding time, 150 hr; sliding distance 810 meters; room
temperature,
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Figure 10. - Scanning electron micrograph of wear scar on aluminum
oxide rider sliding on Feg7Co;gB)4Si; amorphous alloy in laboratory
air atmosphere, Rider, 3. 2-millimeter-diameter aluminum oxide
sphere; load, 2.5 newtons; sliding velocity, 1.5 millimeters per
second; sliding time, 150 hours; sliding distance, 810 meters;
room temperature,

12
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{a) Powdery wear debris particles,
(b) Whiskery wear debris particles.

Figure 11, ~ Scanning electron micrographs of powdery and whiskery wear
debris particles produced on Fe67ColgBl4Si1 amorphous alloy and then
transferred to aluminum oxide rider during sliding. Rider, 3, 2-
millimeter -diameter aluminum oxide sphere; load, 2.5 newtons; sliding
velocity, 1.5 millimeters per second; sliding time, 150 hours; sliding
distance, 810 meters; room temperature; laboratory air atmosphere.
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However, black spots, believed to be crystallites ranging in size from 1.5 to
4.0 nanometers, are apparent in the micrograph. The transmission electron
diffraction patterns for the as-received foil are also presented in figure
12. The pattern indicates that the amorphous alloy was not completely amor-
phou§, but contained extremely small grains of approximately a few nanometers
in size.

A typical example of the wear surface of the amorphous alloy run for 150
hours is shown in figure 13. Dark dots, which are believed to be crystallites
ranging in size from 10 to 50 nanometers, are apparent. The electron diffrac-
tion pattern indicates that the wear surface contained small crystalline
grains.

Figure 14 presents bright and dark field images and the diffraction pat-
tern of a local area of the wear surface on the amorphous alloy. Dark spots
observed in the bright image are reversed in the dark image; the diffraction
pattern was taken from the spots. Figure 14 clearly indicates crystallization
due to mechanical processing (sliding friction) on the amorphous alloy sur-
face. The diffraction pattern is essentially that of a crystalline nature.
Thus, crystallites with sizes of 10 to 150 nanometers are produced on the wear
surface of the amorphous alloy during sliding.

Transitional Friction and Wear Behavior

As mentioned previously, oxide and amorphous alloy wear debris are pro-
duced during the wear process. The generation of powdery and whiskery wear
debris may cause a change in friction and wear during sliding. This phenome-
non is exemplified in the data of figure 15(a).

Figure 15(a) presents the coefficient of friction as a function of
sliding time. The aluminum oxide rider and the amorphous alloy foil were
cleaned with ethyl alcohol and dried before they were brought into contact.
The coefficient of friction increased with increasing sliding time to 3 hours,
when the sliding friction experiment was stopped. The aluminum oxide rider
was replaced with a clean aluminum oxide rider. Oxide wear debris particles
produced in the first 3 hours of sliding were removed from the wear track of
the amorphous alloy with ethyl alcohol and the wear track was dried.

The friction experiment was then restarted with the new aluminum oxide
rider sliding directly on the wear track of the amorphous alloy. At the be-
ginning of this second sliding friction experiment, the coefficient of fric-
tion was Tow and was almost the same as that of the first sliding friction
experiment. The coefficient of friction increased with increasing sliding
time, and after a sliding period of 6 hours it was the same as that obtained
after 3 hours.

A third sliding friction experiment was conducted in the same manner as
the second one. At the beginning of this experiment, the coefficient of fric-
tion was low and was almost the same as that of the first and second experi-
ments. At the end of each sliding friction experiment, oxide wear debris par-
ticles were observed (see figs. 4 and 5). Thus, the transient friction shown
in figures 3 and 15(a) is primarily due to the generation of oxide wear debris
particles.

Figure 15(b) also presents the coefficient of friction as a function of
sliding time. After a sliding period of 150 hours, the wear surface of the
amorphous alloy was cleaned with ethyl alcohol and then dried. The aluminum
oxide rider was replaced with a new rider. This rider was slid directly on
the wear track of the amorphous alloy. Figure 15(b) shows that the coeffici-
ent of friction at the beginning of the second experiment (after 150 hr of
s1iding) was higher than that of the first experiment. The high coefficient



Figure 12. - Typical microstructure and electren diffraction patterns of a metallic glass (FegzCoygBy4Siy).
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Figure 13, - Typical microstructure and electron diffraction patterns of wear surface of mefallic giass (Feg;CygB;4Si;). Rider, 3. 2-millimeter -diameter
aluminum oxide sphere; load, 2.5 newtons; sliding velocity, 1.5 millimeters per second; sliding time, 150 hours; sliding distance, 810 meters; room
temperature; laboratory air atmosphere,




(@) Bright field,
(b) Dark field,

(c) Diffraction pattern.

Figure 14, - Microstructure and electron diffraction patterns of wear surface of metallic glass (Fe,.Co B14Si1). Rider, 3. 2-millimeter -

diameter aluminum oxide sphere; load, 2.5 newtons; sliding velocity, 1.5 millimeters per second; sliding time, 150 hours; sliding distance
810 meters; room temperature; laboratory air atmosphere,
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Figure 15. - Coefficient of friction as function of sliding time
for FegyCo)gB}4Si) amorphous alloy in laboratory air at-
mosphere, Rider, 3. 2-millimeter-diameter aluminum oxide
sphere; load, 2.5 newtons; sliding velocity, 1.5 millimeters
per second; room temperature.

Coefficient of friction

1 |

New surface Wear surface
{after 150 hr of sliding)

Figure 16. - Coefficients of friction for new and
wear surfaces (sliding period, 150 hr) of
Feg7C0;8B34Si; amorphous alloy, Rider, 3.2-
mﬁrimeter-éiameter aluminum oxide sphere;
load, 2.5 newtons; sliding velocity, 1.5 milli-
meters per second; room temperature.

of friction obtained in the second experiment was due to the crystallization
of the alloy described earlier. The coefficient of friction decreased with
increasing sliding time in the second experiment until ultimately the same
value was obtained as in the first experiment. The coefficient of friction
after the 3-hour sliding period in the second experiment was the same as that
obtained after 150 hours of sliding in the first experiment. After 3 hours of
sliding, oxide wear debris particles were observed. Thus, the transient fric-
tion in the second experiment is due to the generation of oxide wear debris
particles.

The friction and wear behavior of the amorphous alloy in the third exper-
iment was very similar to that of the second experiment. Thus, crystalliza-
tion of the wear surface of the amorphous alloy causes high friction. Genera-
tion of oxide wear debris particles on the amorphous alloy causes transitions




in friction behavior. Oxide wear debris particles may contribute to increased
friction of the amorphous alloy in the amorphous state. On the other hand,
they contribute to decreased friction of the wear surface of the amorphous
alloy in the crystalline state.

Figure 16 presents the friction data obtained for amorphous alloys (1)
with a new surface and (2) with a wear surface with 150 hours of sliding. The
difference in friction between the new and wear surfaces is based on crystal-
lographic characteristics. The coefficient of friction of the amorphous alloy
increases with crystallization of the alloy. This is consistent with the
authors' earlier studies (refs. 3 and 4).

CONCLUSIONS

As a result of transmission electron microscopy, diffraction studies, and
sliding friction and wear experiments conducted with Feg7C018B14Si1 ferrous-base
metallic glass in contact with a 3.2-millimeter-diameter aluminum oxide rider
in laboratory air atmosphere, the following conclusions are drawn:

1. An amorphous alloy can be crystallized during the sliding process.
Crystallites with sizes of 10 to 150 nanometers are produced on the wear sur-
face of the amorphous alloy. Crystallization of a wear surface of an amor-
phous alloy causes higher friction.

2. Plastic flow occurs on an amorphous alloy surface with sliding, and
the flow film of the alloy transfers to the aluminum oxide rider surface.

3. Two distinct types of wear debris were observed as a result of
sliding: an alloy wear debris, and powdery and whiskery oxide debris. Gen-
eration of oxide wear debris particles on an amorphous alloy surface causes
transitions in friction behavior. Oxide wear debris particles contribute to
increased friction of the alloy in the amorphous state. On the other hand,
they contribute to decreased friction of the wear surface of the alloy in the
crystalline state.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, August 26, 1982
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